damped and the electron beam is heated in the interaction. In order to reduce the blowup of the electron beam, synchrotron radiation in bending magnets or wiggler magnets and subsequent acceleration in an RF system is required, thus the electron beam is cooled. This is schematically shown in Fig. 1 if the luminosity lifetime is increased. We believe that Av may also be increased in analogy to the larger Av that can be tolerated for an e+e-machine (0.06) which has a damping mechanism (synchrotron radiation damping) compared to the maximum Av of 0.005 usually assumed for proton-proton storage rings. Figure 2 shows the luminosity that can be achieved as a function of these parameters for pp machines. invariants. The diffusion coefficient Dp on the righthand side of (1) is primarily given by gas scattering and similar effects. This diffusion is not compensated by damping and will cause a linear increase of the beam emittance with time. In Eq. (2) (e+ap)(e+Op Here a and y are the usual relativistic factors which are common to both beams, np is the ratio Q/cp of the interaction region length to the proton ring circumference, nc is defined in a similar way and accordingly, Ie and rp are the beam currents within a bunch, L is the Coulomb logarithm (-15) which we assume to be the same for both beams, finally ae and ap are the two beams transverse radii.
Ignoring intrabeam scattering we can solve these equations to obtain the equilibrium conditions. By the following we shall assume that the motion of the bunches in the two rings is synchronized in such a way that nIp= le' this occurs when one bunch interacts always with the same one in the other beam. Also the bunches in the two beams are assumed to have about the same length.
From 4. The ring should be stable over the expected electron energy range.
The emittance requirement also leads to zero or low dispersion in the straight sections, because large dispersion in the bending magnets or wigglers wQuld give large emittance due to quantum excitation, We first worked on a lattice without wiggler magnets.5 This ring has reflection symmetry about both axes, and two superperiods, while the ring with wigglers has only left-right reflection symmetry and one superperiod (see Fig. 3 ). Zero dispersion in the straights uniquely determines the strength of the QF1 quadrupoles.
Next, one may specify the beta-function values at point A and adjust QF and QD to produce a waits at the center of QF1. One does not always find solutions, nor do those found always seem feasible with regard to the betatron tunes, emittance, or chromaticity.
The lattice elements of the ring design selected are shown in Fig. 3 and Table I , and the operating and orbit parameters in Tables II and III , respectively. Apart from the long damping times, the ring might cool if vertical emittance were introduced by use of solenoids or skew quadrupoles. The ring has a rather large chromaticity, but fortunately the momentum spread of the electrons is small. We obtain the best results by placing chromaticity correcting sextupoles in the L4 drifts, and as windings in the QF1 quadrupoles. These are indicated as diamonds in Fig. 3 . With these adjusted to bring the slope of the tunes vs. momentum to zero, one obtains a parabotic dependence, which gives stability in Ap/p from about -8ap.5Ap/p<10Oap.
All of the lattice design, emittance, and chromaticity calculations were done using the SYNCH computer program. 6 Reasonable cooling times for the antiproton beam require a peak electron current of several amperes, an emittance of about 1 x 10-8 mm mrad and a momentum spread of about 1 x 10-3 of the electron beam. The resulting high current density causes instability in the electron machine by electron-electron scattering in the bunches. The effect mainly occurs in the horizontal plane, where the dispersion is not zero, which is in the small sides of our race track. It leads mainly to a growing horizontal emittance, but also the vertical emittance and the momentum spread are influenced. If the growth rate by synchrotron radiation, one gets an equilibrium state in the machine. Because of the different damping and growth rates in all three planes the equilibrium state has not automatically the desired emittances and momentum spread.
To study the problem we used a program of Hubner, M6hl and Sacherer, which is based on a paper of Piwinski.4 To find the equilibrium state we neglected quantum excitation as we are far from the limit where radiation excitation becomes important.
With a peak current in the bunch of 5A we find CH= 3 x 10-7, Ev= 3 x 10-9, Ap/p = 2.7 x 10-3. The horizontal emittance and the momentum spread are much too big. By an increase of the vertical emittance the problem can be solved. This can be done either by a much stronger horizontal damping by more wigglers or a coupling between the horizontal and the vertical plane. The coupling can be made by skewed quadrupoles or a solenoid.
To counteract the blowup of the proton or antiproton beam by rest gas scattering and beam-beam interaction an average current of about 1 Amp has to be stored in the electron cooling ring. As the beam becomes more stable with increasing energy one directly injects at 125 MeV. This can be done with one of the three injectors: a linac, race track microtron, or a combination of linac and race track microtron.
In conclusion the addition of a damping mechanism to high energy proton or antiproton beam is useful to increase stability and luminosity in these machines. Damping times of 100-1000 seconds seem feasible with our present knowledge of the required parameters of the electron storage ring. We have designed a small storage ring that can be used to carry out an experiment of an electron cooling in order to demonstrate the principle and explore the further possibilities of this technique.
